. One structure, a complex with a coreceptor-mimicking antibody that binds both CD4 and gp120, stabilizes the displaced V1V2 and reveals its structure. Comparing partially and fully open Envs with closed Envs shows that gp41 rearrangements are independent of the CD4-induced rearrangements that result in V1V2 displacement and formation of a 4-stranded bridging sheet. These findings suggest ordered conformational changes before coreceptor binding: (1) gp120 opening inducing side-chain rearrangements and a compact gp41 central helix conformation, and (2) 4-stranded bridging-sheet formation and V1V2 displacement. These analyses illuminate potential receptorinduced Env changes and inform design of therapeutics disrupting viral entry.
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In Brief HIV-1 Env undergoes conformational changes after binding to host receptor CD4 that allow coreceptor binding, resulting in fusion between host and viral membranes. Wang, Barnes et al. solved cryo-EM structures of CD4-bound Envs, revealing the order of changes involved in coreceptor binding-site exposure and the structure of the rearranged V1V2 loops.
INTRODUCTION
The first step in HIV-1 infection is fusion of the viral and host cell lipid bilayers to allow the HIV-1 capsid and its genetic material to enter the target cell (Harrison, 2015) . Fusion is accomplished by HIV-1 Envelope (Env), a trimeric glycoprotein containing three copies of the receptor-binding gp120 subunit and three copies of the membrane-anchored gp41 subunit . Binding of gp120 to the host receptor CD4 induces conformational changes that expose the binding site for a coreceptor, CCR5 or CXCR4, whose binding results in further changes culminating in insertion of the gp41 fusion peptide into the host cell membrane and fusion of the two bilayers (Pancera et al., 2017) .
Cryoelectron tomography/sub-tomogram averaging of Env trimers on HIV-1 virions revealed different conformational states, including unliganded Env in a closed, pre-fusion state with interactions across the gp120 trimer apex, and open CD4-bound Env that exhibited outwardly displaced and rotated gp120 subunits (Liu et al., 2008) . The $20 Å resolution of these structures precluded detailed molecular interpretations, but higher resolution X-ray and single-particle cryoelectron microscopy (cryo-EM) structures of soluble native-like Env trimers (SOSIPs) (Sanders et al., 2013) in the closed, pre-fusion conformation were consistent with unliganded virion-bound cryoelectron tomography Env structures, and also revealed juxtaposition of the three gp120 V1V2 loop regions at the trimer apex that shield underlying regions of the coreceptor binding site on V3 (Ward and Wilson, 2017) . An intermediate resolution (8.9 Å ) single-particle cryo-EM structure of an SOSIP Env complexed with soluble CD4 (sCD4) and the coreceptor-mimicking antibody 17b (Sullivan et al., 1998) was consistent with the electron tomography structures of CD4-bound Env on virions (Liu et al., 2008) and showed $40 Å displacement of the V1V2 loops to the sides of the Env trimer to expose V3 . These results were verified and extended in a 3.7 Å sCD4-and 17b-bound SOSIP structure, which also described side-chain rearrangements in gp120 and gp41 that were visible at higher resolution, but did not show ordered density for the rearranged V1V2 loops .
We present two cryo-EM sCD4-bound SOSIP Env structures in complex with CD4-induced (CD4i) coreceptor-mimicking antibodies and with 8ANC195, a broadly neutralizing antibody (bNAb) that recognizes the gp120-gp41 interface Scheid et al., 2011) . The first structure, a complex of clade A/E BG505 SOSIP Env with sCD4 and Fabs from 17b and 8ANC195, was solved to a resolution of 3.54 Å (BG505-sCD4-17b-8ANC195 complex), allowing a detailed description of partial closure of the open sCD4-bound Env state that results from 8ANC195 binding. The second structure, solved at 4.06 Å resolution, is a complex of the clade B B41 SOSIP Env (Pugach et al., 2015) with sCD4, the CD4i antibody 21c (Xiang et al., 2002) , and 8ANC195 (B41-sCD4-21c-8ANC195 complex). Despite binding of the 8ANC195 Fab that partially closes the open, sCD4-bound Env conformation, the structures show rearrangements in gp120, including displacement of V1V2, exposure of V3, formation of the 4-stranded bridging sheet, and formation of the a0 helix. In addition, unlike the V1V2 regions in the BG505-sCD4-17b-8ANC195 and B41-sCD4-17b structures, the displaced V1V2 loops in the B41-sCD4-21c-8ANC195 structure exhibited ordered density, allowing the structure of the displaced V1V2 to be determined. Comparisons of these partially open Env structures with fully open structures, including an open B41 Env complexed with b12 antibody against CD4-binding site , showed that Env opening results in shifting of the gp41 helices to match post-fusion gp41 structures (Chan et al., 1997; Weissenhorn et al., 1997) , and that Env opening and structural changes in gp120, such as V1V2 displacement and bridging-sheet formation, are independent steps. These comparisons suggest that Env opening in the absence of V1V2 displacement, a state that may exist in equilibrium with closed Env, triggers gp41 rearrangements as an initial step in the conformational changes required for fusion. A second, CD4-dependent step, involves V1V2 displacement and formation of the gp120 bridging sheet and a0 helix. Analyses of these results further our understanding of HIV-1 Env conformational changes leading to fusion and provide templates for designing agents to disrupt HIV-1 entry into target cells.
RESULTS
Cryo-EM Structures of Envs Complexed with sCD4, Coreceptor-Mimicking Antibodies, and 8ANC195 EM studies confirmed that recombinant native-like soluble gp140 Env trimers (SOSIPs) (Sanders et al., 2013) can adopt the closed and open architectures seen on virion-bound Env trimers (Harris et al., 2011; Sanders et al., 2013; Tran et al., 2012) . Thus, the SOSIP substitutions (SOS, a disulfide bond linking gp120 to gp41, and IP, an Ile/Pro mutation in gp41) do not prevent transition to the open Env state, although interpretations of sCD4-induced changes in gp41 must be interpreted cautiously since SOSIP Envs lack the membrane-proximal external regions, the Tables S1 and S2 and Figures S1-S5. transmembrane domains, and the cytoplasmic tails of gp41. For our cryo-EM structures, each sCD4-bound SOSIP Env was complexed with Fabs from a CD4i coreceptor-mimicking antibody (either 17b or 21c) (Sullivan et al., 1998; Xiang et al., 2002) and from 8ANC195, a gp120-gp41 interface bNAb Scheid et al., 2011) . CD4i Fabs were added to stabilize the coreceptor binding site and prevent Env closure because three CD4i Fabs cannot be accommodated on closed Env trimers due to steric clashes . 8ANC195 Fab was added to rigidify the gp120-gp41 interface and induce partial closure of fully open, sCD4-bound Env Wang et al., 2016a) , allowing investigation of the partially open Env conformation.
Env-sCD4-Fab samples were prepared by adding 8ANC195 Fab to pre-formed open Env-sCD4-CD4i Fab complexes. Single-particle cryo-EM structures of BG505-sCD4-17b-8ANC195 and B41-sCD4-21c-8ANC195 complexes were solved to resolutions of 3.54 Å and 4.06 Å , respectively (Figures 1A-1D and S1-S4; Tables S1 and S2) (Env sequence alignments and definitions of secondary structural elements are shown in Figure S5 ). Each trimeric Env complex included three copies each of sCD4, CD4i Fab, and 8ANC195 Fab. The 17b and 21c Fabs exhibited distinct orientations relative to gp120s ( Figures 1B and 1D ), each consistent with crystal structures of these Fabs complexed with sCD4-bound gp120 cores (Diskin et al., 2010; Kwong et al., 1998) . However, the BG505 and B41 Env trimers in our two structures were similar to each other (Table S3) ; thus, the binding of 17b versus 21c to the sCD4-bound Envs did not influence the extent of Env opening or the overall conformation of the Env trimers. As described in the 8.9 Å Env-sCD4-17b-8ANC195 structure , the V1V2 loops were displaced from their location at the trimer apex to the sides of the trimer in the new partially open BG505 and B41 Env structures; however, portions of the displaced V1V2 were ordered in the B41-sCD4-21c-8ANC195 complex structure ( Figure 1D ). As seen in other sCD4-bound Env structures Wang et al., 2016a) , the rearranged V3 loops were largely disordered in the two partially open sCD4-bound Envs ( Figures 1B, 1D , and 2A).
Comparison of Different Env Trimer Conformations
To evaluate conformational changes resulting from sCD4 and 8ANC195 Fab binding, we compared the partially open Env (legend continued on next page) trimers with a 3.7 Å fully open B41 SOSIP in a B41-sCD4-17b complex (PDB 5VN3) and closed SOSIP Env structures (e.g., PDB: 5T3X) (Figure 2 ; Table S3 ). We also included a 3.6 Å cryo-EM structure of B41 Env complexed with the CD4-binding site bNAb b12 (PDB: 5VN8) in which the Env trimer exhibited an open conformation with respect to rotation and displacement of the gp120 subunits, but the V1V2 loops were not displaced to the sides of the Env trimer .
We illustrated differences in gp120 positions in partially open, open, and closed Env trimers by measuring distances between gp120 landmarks (the CD4bs, the base of V1V2, and the base of V3) (Table S3 ) and highlighting their positions on Env structures ( Figure 2A ). To facilitate visualization of different gp120 orientations, we also highlighted the gp120 landmark residues on Env structures in which the coordinates for V1V2 and V3 residues were removed, demonstrating a progression of gp120 displacement relative to closed Env in partially open versus open Env structures ( Figure 2B ). The sCD4-bound Envs showed outward displacements and rotations of gp120s compared with closed Env, with the partially open sCD4-8ANC195-bound structures exhibiting smaller displacements from the closed Env conformation relative to the open, sCD4-bound Env conformation (Figure 2B ; Table S3 ). The b12-bound open Env trimer also showed outward displacement of gp120s similar to the open sCD4-bound Envs (Figures 2A and 2B ), but unlike the partially open and open sCD4-bound Envs in which the V1V2 loops were displaced to the side of Env trimer, the V1V2 loops remained ''on top'' of the displaced gp120s in b12-bound Env, where V1V2 was oriented equivalently with respect to the rest of gp120 as seen in closed Env structures ( Figure 2D ). Thus, opening of the b12-bound Env trimer involves a rigid body movement of the gp120-V1V2 unit such that the coreceptor binding site on the V3 loop remains largely buried, whereas the opening of gp120 subunits in sCD4-bound Envs includes repositioning of V1V2 to expose the V3 loop ( Figure 2D ). This suggests that Env trimer opening and CD4-induced coreceptor binding site exposure represent two distinct steps.
Factors Contributing to Different Degrees of Env Trimer Openness
To evaluate differences in Env trimer openness, we aligned a gp120 monomer of our partially open BG505-sCD4-17b-8ANC195 structure with gp120 monomers from the partially open B41-sCD4-21c-8ANC195 structure, closed Env, and the two forms of open Envs. The gp120 subunits of partially open and fully open sCD4-bound Envs aligned with low root-meansquare deviation (RMSD) values in all regions except for the N-and C-terminal strands (b4 and b26), where the RMSDs increased to beyond 4 Å ( Figure 3A ). The b4 and b26 strands in the partially open sCD4-bound Envs were most similar in orientation to closed Envs, with closer agreement to an 8ANC195-bound closed Env structure than a closed Env solved in the absence of 8ANC195 ( Figure 3A ). Taken together, these results suggest that the b4 and b26 strands serve as a pivot point about which the rest of the gp120 subunit moves as a rigid body to either open Env trimer upon sCD4 or b12 binding or to partially close the sCD4-bound Env trimer conformation upon binding to 8ANC195.
We next investigated whether gp41 moves along with the gp120 b4 and b26 strands by aligning gp140s that were superimposed on their gp120-gp41 interface residues (defined as the gp120 and gp41 residues that include atoms within 5 Å of each other) (Figures 3B and S6) . With the exception of interface residues on HR1 and the fusion peptide, the gp120-gp41 interfaces (highlighted in green in Figures 3B and S6) were mostly unchanged for different degrees of openness ( Figure 3B ). Thus, interactions across the gp120-gp41 interface in SOSIP Envs remain relatively unchanged during trimer opening. If this result extends to full-length Env trimers that do not contain the stabilizing SOSIP mutations, it suggests rigid body displacement of gp120 b4, b26, and the core portion of gp41 except for HR1C.
gp41 Rearrangements Each gp41 protomer in Env trimer comprises an N-terminal fusion peptide sequence, followed by two helical regions, HR1 and HR2 ( Figure S5 ). The fusion peptides in the partially open SOSIP Env structures reside in a pocket at the gp120-gp41 interface as seen in the fully open Env conformation ( Figure S7A ). Although the ordered residues of the fusion peptide in closed and fully open Env structures form loops, the BG505-sCD4-17b-8ANC195 and B41-sCD4-21c-8ANC195 partially open Env structures include ordered fusion peptide residues in an a-helical conformation ( Figures S4E, S4F , and S7A). The finding of helical fusion peptide residues likely represents the beginning of the formation of an energetically stable fusion peptide conformation that inserts into the target cell membrane during the fusion process (Harrison, 2015) .
HR1C, the C-terminal portion of HR1, forms a parallel 3-helix bundle in Env trimers. The HR1C helical bundle in partially open Env gp41 subunits is extended at its N termini by ordered residues at the C termini of HR1N (N-terminal portion of HR1) to form longer and continuous a helices ( Figure S7A ). Extended HR1C helices are observed in fully open SOSIP Env structures, including the b12-bound open Env, but not in closed Envs (Figure S7A ). In addition, the HR1C helical bundle is more compact in both partially open and fully open Envs than the 3-helical bundles in pre-fusion, closed Env structures ( Figure S7A ). Since the compact HR1C conformation was also observed in the B41-b12 structure (Figure S7A ), these changes do not require V1V2 displacement. Notably, the compact HR1C conformation observed in all forms of open SOSIP Env matches the HR1C conformation seen in post-fusion gp41 structures in which HR1N forms a continuous a helix with HR1C (Chan et al., 1997; Weissenhorn et al., 1997) (Figures S7A and S7B ). Taken together, these observations suggest that the change to Internal gp120 Rearrangements gp120 folding topologies are divided into two categories based on formation of the bridging sheet, an anti-parallel b sheet involving gp120 b strands b2, b3, b20, and b21 (Figure 4 ). The bridging sheet was first observed in structures of gp120 cores (gp120 monomers with truncations in V1V2, V3, and the N and C termini) in the presence and absence of sCD4 (Kwon et al., 2012; Kwong et al., 1998) (Figure 4A ). However, the sheet is not fully formed in closed, pre-fusion Env trimers; instead of a 4-stranded anti-parallel b sheet, the b3, b20, and b21 strands form a mixed parallel and anti-parallel 3-stranded sheet, and the b2 residues adopt an a-helical conformation (Ward and Wilson, 2017) (Figure 4B ).
The 4-stranded bridging sheet is found in both partially open sCD4-bound Env structures, with the rearranged V1V2 region located between b2 and b3 strands, similar to the fully open Env in the B41-sCD4-17b structure . By contrast, the open Env in the B41-b12 complex adopts the 3-stranded b-sheet conformation of closed Env trimers (Figure 4B) . Thus, the formation of the 4-stranded bridging sheet correlates with, and is likely required for, V1V2 displacement and exposure of the coreceptor binding site on V3. Also, in common with the open form of B41 bound to sCD4 and 17b , the partially open BG505 and B41 Envs include the gp120 a0 helix, which interacts with the HR1 in the gp41 of an adjacent protomer, whereas the a0 region of the gp120s in the b12-bound open B41 Env and in closed Envs formed irregular loops ( Figure 2C ).
The B41-sCD4-17b structure revealed a series of gp120 sidechain rearrangements relative to closed Env structures; these side-chain rearrangements were not seen in the open B41-b12 complex (Figures 4A, 4B , and S4A), suggesting they are related to 4-stranded bridging-sheet formation induced by sCD4 binding rather than Env opening. A subset of the gp120 side-chain rearrangements (Tyr435 gp120 , Trp427 gp120 , Trp112 gp120 , Leu111 gp120 , and Trp69 gp120 ) were observed in the 17b-bound partially open structure and monomeric gp120 structures ( Figures 4A and S4A ), demonstrating that (1) gp120 sidechain rearrangements occur both in BG505 and in B41 Envs upon binding to sCD4, (2) 8ANC195 binding and partial Env closure does not reverse these rearrangements, and (3) the rearrangements are related to 4-stranded bridging-sheet formation. (A) Superimpositions of gp120 monomer from the BG505-sCD4-17b-8ANC195 Env trimer structure with gp120s from other Env trimer structures. Left: gp120 monomer from the BG505-sCD4-17b-8ANC195 structure with highlighted structural elements of interest. Right: gp120 from the BG505-sCD4-17b-8ANC195 structure (blue-red colors indicating RMSDs) superimposed with the indicated gp120s (gray). (B) Superimpositions of gp140 protomer from the BG505-sCD4-17b-8ANC195 Env trimer structure with gp140s from other Env trimer structures. Left: gp140 protomers from the BG505-sCD4-17b-8ANC195 structure with highlighted structural elements of interest (first structure) and highlighted gp120-gp41 interface regions (second structure). Right: gp140 from the BG505-sCD4-17b-8ANC195 structure (blue-red colors indicating RMSDs) superimposed with the indicated gp120s (gray). See also Figures S5-S7 .
The fact that the side-chain positions found in sCD4-bound Env trimers are also found in monomeric gp120 core structures, whether or not they are complexed with sCD4, indicates that this collection of side-chain conformations is related to formation of the 4-stranded bridging sheet ( Figure 4A ).
Structure of Displaced V1V2
The V1V2 region comprises a twisted 5-strand b sheet (strands A-D and a V2 strand) with mostly disordered connecting loops in monomeric epitope scaffolds (Gorman et al., 2016; McLellan et al., 2011; Pan et al., 2015; Pancera et al., 2013), closed Envs (Ward and Wilson, 2017) , and the b12-bound open Env (Figure 5A ). V1V2s interact across the trimer apex in closed Envs to shield the underlying coreceptor binding sites on the V3 regions (Ward and Wilson, 2017) (Figure 2A ) and are displaced by $40 Å to the sides of Env upon sCD4 binding . Density observed at low contour levels for the displaced V1V2 regions in our 8.9 Å cryo-EM structure of BG505-sCD4-17b-8ANC195 was uninterpretable , and the displaced V1V2 regions were disordered in our 3.54 Å structure of this complex and in the 3.7 Å B41-sCD4-17b structure (Figures 5A and 5B) . However, we found interpretable density for portions of the displaced V1V2 in the B41-sCD4-21c-8ANC195 structure ( Figure 5B ), likely because 21c, unlike 17b, interacts with V1V2 (Diskin et al., 2010) (Figure 6 ) to stabilize a conformation that conserves V1V2 structural elements ( Figure 5A ).
The density for the displaced V1V2 in the B41-sCD4-21c-8ANC195 structure, although at lower resolution than central parts of the complex ( Figure S3D ), showed interactions with sCD4 ( Figure 5C ) and could be modeled as five b-strands using information from structures of V1V2 in monomeric scaffolds and closed Env trimers ( Figure 5D ). Our model for the displaced V1V2 density preserves the strand B-strand C and strand A-D interactions observed in the V1V2 regions in closed Env and V1V2 scaffold structures ( Figure 5D ) and predicted in molecular dynamics simulations of the displaced V1V2 structure (Yokoyama et al., 2016 ). In our model, strands A and D continue the anti-parallel b sheet that starts and ends with the gp120 b2 and b3 strands in Env structures with a 4-stranded bridging sheet (Figures 5D and 5E). Strand A continues into strand B through a loop that varies in length across Env strains and is disordered in most V1V2 scaffolds and closed Env trimer structures ( Figure 5A ). The loop connecting strands B and C, highly conserved across HIV-1 strains (Los Alamos HIV Sequence Database; www.hiv. lanl.gov/) interacts with CDRL2 and CDRH3 of 21c ( Figures  6A-6C ). Strand C is connected through a loop to the V2 strand, which is then joined to the N-terminal portion of strand D through a disordered loop. Whereas the V2 and D strands are anti-parallel in V1V2 scaffold and closed Env structures, V2 appears to be parallel to strand D in the displaced V1V2 ( Figures 5D and 5E ) based on density for the strand C to V2 connection. In addition, the short length of the strand C to V2 connection (two residues) would not permit placement of the V2 strand in an anti-parallel orientation relative to strand D. The change to create a parallel V2 strand-D strand interaction could result from the rearrangement of the b2 and b3 regions that occurs in the switch from the 3-stranded bridging-sheet conformation in closed Env to the 4-stranded bridging sheet in sCD4-bound Envs ( Figure 5E ). Contacts between the displaced V1V2 and sCD4 predicted from the 8.9 Å structure of BG505-sCD4-17b-8ANC105 were revealed at higher resolution in the B41-sCD4-21c-8ANC195 structure to involve interactions between sCD4 strands B, E, and the D-E connecting loop with the V1V2 D and V2 strands ( Figures 5A and 5C ).
21c Epitope on CD4 and gp120
The epitope of 21c has been structurally characterized as including both a foreign antigen (gp120) and a self-antigen (CD4); indeed, it is the only HIV-1 CD4i antibody described to bind sCD4 weakly in the absence of gp120 (Diskin et al., 2010) . A structure of the clade C CAP210 gp120 monomeric core complexed with 21c and sCD4 revealed gp120 and sCD4 contacts with 21c, but potential interactions with V1V2 could not be visualized because the V1V2 region was truncated in the core gp120 construct (Diskin et al., 2010) . In the B41-sCD4-21c-8ANC195 structure, 21c interactions with the core region of gp120 map exclusively to the heavy chain, and interactions with sCD4 map primarily to the light chain ( Figure 6A ), conserving critical interactions observed in the gp120-21c-sCD4 crystal structure despite gp120 sequence variations. In addition, density revealed that the 21c light chain engages directly with the loop connecting strands B and C of the displaced V1V2 ( Figures 6A and 6F) , consistent with binding results that showed an increase in 21c affinity for V1V2-including gp120s (Diskin et al., 2010) .
To ascertain the effects of the 21c interactions with V1V2, we compared the structures of the 21c Fab in its free, monomeric core gp120-, and B41-bound forms by superimposing the variable domains (Figures 6D and 6E ). These comparisons revealed that 21c undergoes binding-induced conformational changes in the presence of gp120 and sCD4, with the largest change observed in the CDRH3 loop (RMSD = 2.4 Å for superposition of 16 CDRH3 Cas in free and B41-bound 21c) ( Figures 6D  and 6E) . Comparison of the complexed 21c Fabs revealed minor changes in variable domain conformations (RMSD = 0.9 Å for superposition of 235 21c V H -V L Cas in the gp120-sCD4-21c and B41-sCD4-21c-8ANC195 structures), associated with the presence of the displaced V1V2 and a complex-type N-glycan attached to Asn197 gp120 in the B41 Env trimer (Cao et al., 2017) that was not present in the gp120 core used for the gp120-sCD4-21c structure ( Figure 6F ).
Interestingly, CDRH3 conformational changes observed in complexed 21c structures not only allow for 21c residues Leu105 HC and Glu55 HC to insert into pockets on gp120 (Diskin et al., 2010) (Figure 6F ) but also promote the formation of a groove comprising CDRH3, CDRL2, and FRL2, which is likely to accommodate the Asn197 gp120 glycan that is observed in >98% of HIV-1 strains ( Figure 6G ) (Los Alamos HIV Sequence Database; https://www.hiv.lanl.gov/). Furthermore, bindinginduced conformational changes resulting in a more electropositive groove in bound 21c compared with the free antibody suggests interactions with negatively charged sialic acids on the complex-type glycan attached to Asn197 gp120 (Behrens et al., 2016; Cao et al., 2017; Gristick et al., 2016) .
DISCUSSION
The HIV-1 Env glycoprotein must adopt multiple conformations to function in fusion of the viral and host cell membranes (Ward and Wilson, 2017) . Although we cannot define mechanisms for structural transitions from static structures that, by necessity, contain bound ligands and antibodies, by comparing our cryo-EM structures of sCD4-bound partially open SOSIP Env trimers with structures of Env in other conformational states, we reveal information about how Env trimers rearrange to expose the coreceptor binding site and describe which parts of the Figure 6 . 21c Epitope on gp120 and sCD4 (A) Sequence of 21c V H V L with CDR residues indicated by brackets, and sCD4-contacting residues highlighted in yellow, V1V2-contacting residues in red, and gp120-contacting residues in gray. Contacting residues in the 21c paratope and epitope were defined as two residues containing an atom within 5 Å of each other. (B) Structure of a 21c, sCD4, gp120 protomer in the B41-sCD4-21c-8ANC195 structure, with inset showing residues contacting V1V2, sCD4, and gp120 highlighted. (C) 21c epitope on a gp120-sCD4 complex (surface representation seen from the top). Highlighted regions of the sCD4 and gp120 surfaces are contacted by the indicated regions of 21c. To prevent overinterpretation of contacts at low resolution, the displaced V1V2 was modeled as polyalanine unless side-chain density at R7s (0.04 e/Å 3 ) was observed.
(D) Superimposition of V H V L domains from structures of unliganded 21c Fab (PDB: 3LMJ; green), 21c Fab bound to a sCD4 complex with monomeric gp120DV1V2 core (PDB: 3LQA; magenta), and 21c from the B41-sCD4-21c-8ANC195 complex (this study; blue). rearrangement are reversible upon binding to a gp120-gp41 interface bNAb (Video S1). In particular, we captured an ordered conformation of the displaced V1V2 loops that move from the trimer apex to the sides of open Env upon sCD4 binding. We also showed that the structural rearrangements of extending and compacting the gp41 central helices are an initial step to achieving an open Env conformation (Figure 7 ) in the SOSIP Env trimers being compared. With respect to the coreceptor binding site, the most relevant feature of the closed Env trimer structure is the location of the V1V2 loops at the trimer apex that shield the coreceptor binding site on V3 ( Figure 7A, panel 1) . The apex location of the V1V2 loops and their burial of V3 requires the 3-stranded form of the gp120 bridging sheet. The HR1C region of the three central gp41 helices are relatively separated from each other in the closed conformation, and the a0 region adjacent to HR1C adopts a loop conformation ( Figure 7A1) .
We hypothesize that a later, but still early, conformation on the pathway toward coreceptor binding site exposure is represented by the b12-bound open conformation of the B41 HIV-1 Env (Figure 7A2 ) . In this structure, the gp120 subunits have rotated outward from the trimer axis. However, although the Env trimer is open, the V1V2 loops are not displaced from their location at the top of each gp120 subunit, thus leaving the V3 loop partially buried by V1V2 ( Figure 7A2 ). It is unclear if the b12 antibody captures a pre-existing open Env state that is in equilibrium with closed Env; if so, this state is not detectable in double electron-electron resonance spectroscopy analyses of SOSIP Env conformations (Stadtmueller et al., 2018) . Thus, the b12-bound open state could either be induced by b12 binding or exist at levels that are spectroscopically undetectable but that can nevertheless can be captured by b12. This state may represent an early intermediate after sCD4 binding to the closed, pre-fusion state, in which gp120 rotation is a prerequisite to V1V2 displacement ( Figure 7A3 ).
The B41-b12 structure demonstrates that Env trimer can open even without forming the 4-stranded gp120 bridging sheet, likely based on gp41 rearrangements and rotation about the pivot point defined by the gp120 b4 and b26 strands. Moreover, gp120 opening in the absence of 4-stranded bridging-sheet formation triggers some of the structural rearrangements seen in sCD4-bound structures; for example, some conserved gp120 side chains (Trp69 gp120 , His72 gp120 , Leu111 gp120 ) are rearranged with respect to the closed structure ( Figures 7A1 and 7A2) . Interestingly, the HR1C helices adopt the compact conformation found in post-fusion gp41 structures (Chan et al., 1997; Weissenhorn et al., 1997) and also include HR1N residues as part of a longer central gp41 helical region.
The final conformation of open Env on the pathway to coreceptor binding is observed in the sCD4-bound Env structures in which the gp120 subunits have opened, as in the b12-bound conformation, but the V1V2 loops have also been displaced to the sides of Env trimer to expose the V3 loop for interactions with coreceptor ( Figure 7A3 ). However, the V3 residues are largely disordered in this structure and in the partially open Env structures with displaced V1V2 loops, suggesting that flexibility in V3 facilitates interactions with coreceptor. In coreceptor binding-site-exposed open conformations, the gp120 bridging sheet adopts a 4-stranded conformation in which the b2 residues form a b-strand connected to the N-terminal strand A of V1V2. The b2 and b3 gp120 elements also swap positions so that the four strands of the bridging sheet are now anti-parallel, allowing the displacement of V1V2 from the top of each gp120 to its side, thereby exposing V3. The HR1C helices in gp41 retain their compact configuration with extended helical regions from HR1N residues at their N termini. Some conserved gp120 residues adopt altered side-chain conformations that were proposed to allosterically transfer the signal from the sCD4 binding site to the gp120-gp41 interface, such that the structure of gp41 is altered . For example, the gp120 a0 residues are now in a helical conformation that tops the HR1C from a neighboring gp41protomer.
The open, coreceptor binding-site-exposed conformation goes on to bind CCR5 or CCR4, adopting uncharacterized fusion-active conformation(s) that promotes fusion of the viral and host cell membranes. The only available structures of a conformational state that follows the open, coreceptor binding-site-exposed conformation are structures of 6-helical bundles of HR1 and HR2 portions of gp41 (Chan et al., 1997; Weissenhorn et al., 1997) (Figure 7A5 ), which presumably represent post-fusion conformations of gp41. These structures contain the continuous HR1N-HR1C helix in a compact 3-helix bundle, which is similar to open, but not closed, Env trimer structures.
Having categorized features of available Env structures in terms of their relationship to each other and to the post-fusion gp41 conformation, our structures address the pliability of the sCD4-bound conformation by showing that the sCD4-bound open conformation can partially close through binding to 8ANC195 (Video S1), a gp120-gp41 interface bNAb that also binds closed Envs . In our two Env-sCD4-8ANC195 structures, the gp120 subunits are not as separated from each other as in fully open conformations, therefore we refer to this conformation as partially open ( Figure 7A4 ). The complexes for these structure determinations were formed by incubating fully open, sCD4-bound Env trimers with 8ANC195, suggesting that 8ANC195 either captured a partially open, sCD4-bound conformation or its binding triggered partial closure of the open conformational state. Whether the partially open sCD4-bound conformation of Env trimer represents a deadend conformation of Env or a coreceptor binding site-exposed conformation of Env that could proceed along the pathway to viral/host cell membrane fusion is unknown. In any case, the structural comparisons show that partial closure of the sCD4-bound open state does not reverse the formation of 4-strand bridging sheet, V1V2 displacement, coreceptor binding site exposure, a0 helix conformation, or the formation of compact gp41 HR1C helices with HR1N extensions ( Figure 7A4 ; Video S1). However, not all of the gp120 side-chain rearrangements are conserved with the fully open sCD4-bound structure. Interestingly, an ordered portion of the gp41 fusion peptide, which adopts a loop conformation in closed and other open Env structures, is a-helical in both partially open Env structures. As the fusion peptide is thought to insert into the target membrane as a helix (Harrison, 2015) , the partially open structures show a propensity of the fusion peptide to shift from a loop into a helix in preparation for mediating fusion of the viral and host membranes.
Although disordered in other sCD4-bound complexes, the conformation of the displaced V1V2 region was revealed in the B41-sCD4-21c-8ANC195 complex. The secondary structural elements of V1V2 and regions of flexibility indicated by disorder are mostly maintained whether V1V2 is displaced to the sides of Env trimer, interacts about the apex of a closed Env trimer, or is expressed as a monomeric V1V2 scaffold. This suggests that, in the CD4-bound conformation, the V1V2 secondary structural elements move as a rigid body about the loops extending from strands A and D. Thus, the B41-sCD4-21c-8ANC195 structure likely reveals its architecture because of the stabilizing effects of 21c via interactions with the B-C loop region, while in the 17b-bound open structures, the displaced V1V2 occupies multiple positions that are averaged out during map reconstruction.
Comparisons of available Env structures provide clues as to what controls displacement of V1V2 to expose the coreceptor binding site in sCD4-bound structures. We note that in all Env structures with a 4-stranded bridging sheet, including Env trimers in fully and partially open conformations, as well as gp120 monomer structures plus and minus bound sCD4, the side-chain conformations of conserved gp120 residues Tyr435 gp120 , Trp427 gp120 , Trp112 gp120 , Leu111 gp120 , and Trp69 gp120 are consistent. By contrast, in all structures with 3-stranded bridging sheets (closed Env trimers and b12-bound open Env), the conserved residues adopt distinct conformations. These results suggest that the side-chain rearrangements in these residues control the reorganization of the b2, b3, b20, and b21 structural elements and thus regulate 4-stranded bridging-sheet formation and coreceptor binding-site exposure. Thus, structures of monomeric gp120 cores, which include a 4-stranded bridging sheet, mimic the sCD4-bound and coreceptor binding-site-exposed conformation of gp120 in Env trimers, rather than the conformation in closed, pre-fusion Env trimers.
Many structural questions related to Env conformations remain to be elucidated, most notably the fusion-active conformation that results from coreceptor binding. However, the structures reported here provide critical information for understanding steps leading up to coreceptor binding-site exposure, including (1) suggesting an order for Env conformational changes, (2) describing elements of conformational plasticity in the sCD4-bound Env state, and (3) revealing a structure for the V1V2 regions displaced by sCD4 binding. This information adds mechanistic details to Env-mediated membrane fusion and provides a more complete sCD4-bound structure that serves as a template for understanding non-neutralizing, and potentially neutralizing, antibody responses to open Env conformations.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: density characteristic of a 2-stranded anti-parallel b-sheet that resembled the strand B-connecting loop-strand C conformation in known V1V2 structures ( Figure S4G ). An initial polyalanine model for strand B-connecting loop-strand C residues 154-174 was generated using coordinates from a closed BG505 crystal structure (PDB: 5T3Z) and manually docked into density ( Figure S4G ). The remaining portions of V1V2 could be placed by first building residues to continue the b2 strand into strand A and residues preceding b3 as strand D. We next found density compatible with a b-strand that could form a b-sheet interaction with strand D and assigned that as the V2 strand. Remaining density appearing to connect strands A and B via a long loop were left unmodeled due to uncertainty of the sequence register. b-strand restraints were applied to strands A-D and V2 throughout refinement in both Coot and Phenix. The entire complex was refined using phenix.real_space_refine with secondary structure restraints for protein and geometric restraints for protein and N-glycan residues Afonine et al., 2018; Agirre et al., 2015; Gristick et al., 2017) (Table S2) .
DATA AND SOFTWARE AVAILABILITY
Cryo-EM reconstructions of the BG505-sCD4-17b-8ANC195 and B41-sCD4-21c-8ANC195 complexes have been deposited in the Electron Microscopy Data Bank under the accession numbers 7516 and 9038, respectively. Coordinates for atomic models of the BG505-sCD4-17b-8ANC195 and B41-sCD4-21c-8ANC195 complexes have been deposited in the Protein Data Bank under the accession numbers 6CM3 and 6EDU, respectively.
